Introduction
Freshwater ecosystems have unique planktonic bacterial communities that are distinct from bacterial communities in other habitats, such as soil and marine environments. The freshwater bacterial community is typically dominated by the phyla Actinobacteria, Proteobacteria (mainly the classes Alphaproteobacteria and Betaproteobacteria), and Bacteroidetes [1, 2] . Considering the crucial roles of freshwater environments in global carbon cycling and climate change [3] , it is important to study the diversity and function of the freshwater bacterial communities, which mediate diverse biogeochemical reactions.
The phylum Actinobacteria is a common and often numerically important component in a variety of freshwater habitats, where these bacteria can constitute more than 50% of the total epilimnetic bacterial community [4, 5] . Molecular approaches based on sequences of metagenomes and 16S rRNA genes have shown the abundance, phylogenetic diversity, and functional potential of freshwater actinobacteria [6] , revealing that major freshwater actinobacteria are asyet-uncultivated in spite of their enormous abundance and diversity. Recent studies using single-cell genomics have additionally revealed putative ecological niches of the acI clade, one of the most abundant groups among freshwater actinobacteria [7, 8] . However, the physiology and genome properties of many actinobacterial groups that play crucial roles in biogeochemical processes in freshwater environments have mainly remained unknown because the major freshwater actinobacterial groups, such as acI and acIV clades, have not been cultivated.
The genus "Candidatus Microthrix" affiliated with the order Acidimicrobiales of the phylum Actinobacteria currently contains two filamentous Candidatus species, retrieved from activated sludge of wastewater treatment plants [9] [10] [11] . Genomic and metagenomic analyses uncovered the metabolic versatility of "Candidatus Microthrix parvicella," which is highly abundant in sludge environments [12] . Several studies in freshwater ecosystems have described bacterial groups related to the genus "Candidatus Microthrix," using cultivation-independent molecular analyses [13, 14] . To our best knowledge, however, there have been no reports on the isolation and genomic characterization of freshwater bacteria phylogenetically related to the "Candidatus Microthrix" group.
In this study, we report the genome sequence of strain IMCC26207, an actinobacterium isolated from an oligotrophic freshwater reservoir using dilution-to-extinction culturing and phylogenetically assigned to a novel group related to "Candidatus Microthrix." Based on morphological, phylogenetic, and genomic differences between strain IMCC26207 and "Candidatus Microthrix," the name "Candidatus Limnosphaera aquatica" is additionally proposed for this bacterium.
Materials and Methods

Isolation of Stain IMCC26207
Strain IMCC26207 was isolated from a surface water sample collected from Lake Soyang, an oligotrophic reservoir located in South Korea, by using the high-throughput dilution-to-extinction culturing (HTC) method [15, 16] . The culture medium (referred to as LNFMC, low nutrient freshwater medium amended with carbon mixtures) used for HTC was prepared by amending filtered and autoclaved lake water with the following ingredients:
, 50 µM pyruvic acid, 5 µM D-glucose, 5 µM D-ribose, 5 µM N-acetyl-D-glucosamine, 5 µM methyl alcohol, and 1:10,000 diluted Va vitamin mixture [17] . To determine the cell density for the inoculum, direct cell counting was performed microscopically, after staining with 4',6'-diamidino-2-phenylinole, using an epifluorescence microscope (Nikon 80i; Nikon, Japan). Freshwater bacterial cells were diluted to 2 cells/ml with LNFMC, and 1 ml of the inoculum was transferred into 48-well plates (BD Falcon, USA). Positively grown cells, including strain IMCC26207, were screened with SYBR Green I (Invitrogen, USA) using an Easyflow Guava flow cytometer (EasyCyte Plus; Millipore, USA) after 4 weeks of incubation at 15°C in the dark condition. To test whether the initial axenic culture of IMCC26207 could grow in chemically defined media or synthetic media, R2A broth (BD, USA), 1/3 diluted R2A broth, 1/10 diluted R2A broth, and artificial freshwater medium ( [17] per 1 L of distilled water) amended with the above carbon mixtures were prepared. In addition, the colony-forming ability of strain IMCC26207 was tested by spotting 10 µl of viable cultures onto plates of R2A, 1/3 R2A, and 1/10 R2A.
Culture Conditions, Electron Microscopy, and Genomic DNA Preparation Strain IMCC26207 was inoculated into 4 L of the liquid medium, LNFMC, the same culture medium used for the isolation, and grown aerobically at 15°C. During the cultivation, cell densities were monitored using a flow cytometer (Guava EasyCyte Plus; Millipore). For morphological characterization, bacterial cells in the stationary growth phase were adsorbed onto a 200-mesh formvar and carbon-coated copper grid (Electron Microscopy Sciences, USA), stained with uranyl acetate solution (2% (w/v)), and examined with a transmission electron microscope (CM200; Philips, The Netherlands). For the genome sequencing, 4 L cultures of strain IMCC26207 were harvested by filtration onto a polyethersulfone membrane filter (0.2 µm pore size; Pall Corporation, USA). The genomic DNA was directly extracted from the filter using a DNeasy Blood & Tissue Kit (Qiagen, USA) following the protocol for gram-positive bacteria, and was further purified using a PowerClean Pro DNA Clean-Up Kit (Mo Bio Laboratories, USA). The purity, quality, and concentration of the genomic DNA were determined using 1% (w/v) agarose gel electrophoresis and a Qubit 3.0 fluorometer (Invitrogen).
Genome Sequencing, Assembly, and Annotation
A sequencing library was constructed from the genomic DNA by using Nextera DNA Library Preparation Kits (Illumina, USA) according to the manufacturer's instructions. The genome of strain IMCC26207 was sequenced at ChunLab, Inc. (Korea), using the Illumina MiSeq platform, at a read length of 2 × 300 bp. A total of 3,441,153 paired reads obtained from the genome sequencing were assembled using SPAdes ver. 3.5.0 [18] , generating 10 contigs (90-836 kbp; N50, 345 kbp) with an average of 63.1× coverage. The total length of all contigs comprised 3,316,799 bp. Gene calling and genome annotation were performed by following the Integrated Microbial Genomes-Expert Review (IMG-ER) pipeline [19] developed by the Joint Genome Institute [20] . tRNA and rRNA genes were found using the tRNAscan-SE tool and HMMER, respectively [21, 22] , and other non-coding RNAs were detected by searching the genome for the corresponding Rfam profiles using INFERNAL [23] . CRISPR repeats were checked by CRT-CLI and PILER-CR [24] . Protein-coding genes were identified using Prodigal [25] . The genome map was generated by CGview software using a merged GenBank file from the RAST server [26] . The predicted CDSs were translated and used to search the NCBI non-redundant, TIGRFam, Pfam, KEGG, COG, and InterPro databases. Additional functional analyses of metabolic pathways encoded by the genome were also performed using IMG-ER.
Phylogenetic Analyses and Genome Comparison
The 16S rRNA gene sequence of strain IMCC26207 was obtained from the genome sequence, and 16S rRNA gene sequence similarities between strain IMCC26207 and closely related strains were calculated using the EzTaxon-e server [27] . The 16S rRNA gene sequence of strain IMCC26207 was initially aligned with the SINA online aligner (http://www.arb-silva.de). The aligned sequence was imported into the SILVA database SSURef NR99 (Release 123) by using the ARB program [28] , manually curated based on the secondary structure of SSU rRNA, and the aligned sequence set containing IMCC26207 was exported to build phylogenetic trees. Maximum-likelihood trees were constructed with rapid bootstrapping (a maximum of 1,000 bootstrap replicate searches) in RAxML (ver. 8.1.17) [29] . For a comparative genomics analysis, two publicly available "Candidatus Microthrix parvicella" genomes (strains BIO17-1 and RN1, GenBank accession nos. AMPG00000000 and CANL00000000, respectively) were chosen since strain IMCC26207 was phylogenetically related to the genus "Candidatus Microthrix." All protein sequences encoded by the three genomes were exported from the IMG database. Unique and shared protein-coding genes were identified using GET_HOMOLOGUES software [30] , with default parameters. Proteins satisfying coverage (≥75%) and E-value (≤1e
) cutoffs in BLAST pairwise alignments were clustered by using the orthoMCL algorithm implemented in the software. Comparisons between the IMCC26207 genome and two "Candidatus Microthrix" genomes were performed using Blast Ring Image Generator (BRIG) [31] . BLASTn results were displayed with a similarity cutoff of 30%. To determine the genome sequence similarlity between the bacterial strains, average nucleotide identity (ANI) values were calculated from the EzGenome database (http://www.ezbiocloud.net/ezgenome/ani) using the BLASTn algorithms, as described by Goris et al. [32] .
Nucleotide Sequence Accession Numbers
The assembled and annotated genome of "Candidatus Limnosphaera aquatica" IMCC26207 has been deposited in GenBank under the accession numbers LCZK01000001-LCZK01000010, JGI portal with GOLD ID of Gp0120613, and IMG taxon ID of 2606217176.
Results and Discussion
Strain Characteristics and Phylogenetic Analysis
Strain IMCC26207 was initially isolated using dilutionto-extinction culturing, employed with a filtered and autoclaved natural freshwater medium designated LNFMC. Since some bacteria such as Lentisphaera araneosa [33] cultivated using dilution-to-extinction culturing formed colonies on a synthetic medium or grew in an artificial liquid medium, and thus their binomial nomenclatures could be validly published, the colony-forming ability or growth capability in artificial liquid media were tested for strain IMCC26207. Unfortunately, strain IMCC26207 did not grow in any of the artificial liquid media and on any of the solid media, but grew only in LNFMC, which was consequently used for further analyses. The culture reached the stationary phase after 2 weeks of incubation with a maximum cell density of approximately 8 × 10 5 cells/ml. Cells of strain IMCC26207 looked pure in epifluorescence microscopy and transmission electron microscopy, showing a coccus-shaped morphology with diameters of 0.4-0.5 µm, dividing by binary fission (Fig. 1) .
The comparative 16S rRNA gene sequence analyses showed that strain IMCC26207 was only distantly related to "Candidatus Microthrix parvicella" Bio17-1 [9] , "Candidatus Microthrix calida" TNO2-1 [10] [36] , with low sequence similarity values of 91.7%, 90.8%, 89.7%, 89.2%, and 88.2%, respectively. In the phylogenetic tree constructed by using the maximum-likelihood algorithm, strain IMCC26207 formed a monophyletic lineage with many uncultured environmental clones, such as STH5-14 (DQ316384) and ANTLV1_D11 (DQ521487) previously reported from freshwater habitats, and occupied a phylogenetic clade that was distinct from the "Candidatus Microthrix" clade (Fig. 2) . The larger clade containing strain IMCC26207 and "Candidatus Microthrix" was clearly separated from other member of the order Acidimicrobiales, suggesting that strain IMCC26207 and "Candidatus Microthrix" may comprise a separate family in the order. From the phylogenetic inference and morphological distinction (coccus vs. filamentous), strain IMCC26207 is considered to represent a novel taxon that is different from the genus "Candidatus Microthrix." 
Genome Characteristics
The draft genome of strain IMCC26207 comprised 10 contigs with a total length of 3,316,799 bp and G+C content of 57.26% (Table 1) . The bacterial genome contained 3,026 genes: 2,975 protein-coding genes and 51 non-coding RNA genes, including 3 rRNA genes and 45 tRNA genes. Neither plasmid nor phage DNA sequences were detected. The majority (2,284 genes) of 2,975 protein-coding genes predicted in the genome (76.77%) could be assigned a putative function. A total of 1,917 genes (63.35%) were allocated into COG functional categories ( Table 2 ). The major COG categories were lipid transport and metabolism (I; 226 genes; 10.14%), amino acid transport and metabolism (E; 168 genes; 7.54%), coenzyme transport and metabolism (H; 165 genes; 7.41%), translation, ribosomal structure and biogenesis (J; 159 genes; 7.14%), energy production and conversion (C; 146 genes; 6.55%), cell wall/membrane biogenesis (M; 138 genes; 6.19%), secondary metabolites biosynthesis, and transport and catabolism (Q; 125 genes; 5.61%).
Metabolic Pathways and Genome Comparison
In order to understand the putative ecological niche of stain IMCC26207 in freshwater environments, the genome sequence analysis was focused on metabolic pathways encoded in the genome. The details of the genes related to metabolic pathways described are shown in Table 3 with IMG Gene ID. A schematic diagram of metabolic pathways encoded in the genome of strain IMCC26207 based on KEGG annotations is also presented in Fig. 3 . Regarding carbohydrate metabolism, the IMCC26207 genome contained genes encoding the Embden-MeyerhofParnas pathway of glycolysis and the complete oxidative tricarboxylic acid cycle. Genes encoding the complete pentose phosphate pathway (PPP; oxidative and nonoxidative) were also present and it was predicted that several pentoses, such as ribose and xylose, could be utilized as a carbon source by assimilation through the PPP. Xylose is one of the most abundant monosaccharides in terrestrial plants [37] , which may contribute to the carbon pool of inland waters. Genes encoding enzymes required for trehalose synthesis and hydrolysis were also found in the IMCC26207 genome sequence, suggesting the role of trehalose as a storage material. With regard to inorganic nutrient utilization, the IMCC26207 genome contained genes coding for proteins that participate in the assimilatory sulfate reduction and ammonia assimilation cycle. The IMCC26207 genome also encoded the phosphate transporter (pstABC), polyphosphate kinases (ppk), and two-component regulatory system (senX3-regX3) inducible by low concentration of environmental inorganic phosphate, suggesting that this bacterium can survive under phosphoruslimiting freshwater condition. These phosphorus-related genes were also found in the genomes of two "Candidatus Microthrix parvicella" strains that are known to undergo phosphorus uptake only under phosphorus-limiting conditions [10, 12] .
Comparative genomics analysis based on orthologs among the genomes retrieved using GET_HOMOLOGUES showed that strain IMCC26207 shared only 52% of its proteins with "Candidatus Microthrix" strains, whereas >87% of proteins were shared between the two strains of "Candidatus Microthrix," which suggested a genome-scale difference between strain IMCC26207 and the "Candidatus Microthrix" strains (Fig. 4A) . The overall genome statistics of "Candidatus Microthrix" are presented in Table 1 , together with those of strain IMCC26207. The 1,364 proteins found to be unique to strain IMCC26207 by GET_HOMOLOGUES were analyzed in terms of COG category distribution. Only 51.9% of the unique proteins were assigned to COGs, and the major COG categories were general function prediction (7.11%), lipid transport and metabolism (5.65%), function unknown (4.62%), and cell wall/membrane/envelope biogenesis (4.55%). Most of the unique proteins that could not be assigned to COG were hypothetical proteins. In contrast, of 1,489 proteins shared among the three Candidatus strains, 95.9% of the proteins were assigned to COGs, and major categories were lipid transport and metabolism (9.47%), translation/ribosomal structure and biogenesis (9.00%), general function prediction only (8.60%), amino acid transport and metabolism (8.19%), coenzyme transport and metabolism (8.06%), and energy production and conversion (8.06%). In the comparative genomic analyses using BRIG, the two "Candidatus Microthrix" strains showed high genome sequence similarity as expected, whereas strain IMCC26207 had a wide variety of genome regions that were unique to the IMCC26207 genome (Fig. 4B ). In addition, ANI values between strain IMCC26207 and the other two "Candidatus Microthrix" strains were both ~65.7%, whereas the ANI value between the two "Candidatus Microthrix" strains was 98.9%. It is confirmed that the two "Candidatus Microthrix" strains comprise the same genomic species since their ANI value exceeded 95-96%, a value of the currently accepted ANI threshold for bacterial genomic species demarcation [38, 39] . This overall genome comparison result was consistent with the phylogenetic relatedness inferred from 16S rRNA gene sequences, as strain IMCC26207 was located in a strongly supported branch clearly separated from the genus "Candidatus Microthrix" (Fig. 2) .
In conclusion, analysis of the IMCC26207 genome showed several metabolic features relevant to living in freshwater environments. A comparative analysis of the IMCC26207 genome sequence showed a low level of genomic similarity to "Candidatus Microthrix" strains isolated from activated sludge. These analyses, combined with phylogenetic analyses, suggested that strain IMCC26207 is distantly related to "Candidatus Microthrix" and represents a novel genus-level taxon. As strain IMCC26207 does not grow on conventional agar media but grows only in a liquid medium prepared with natural lake water, we propose to call this species "Candidatus Limnosphaera aquatica" according to the following etymology: Lim.no.sphae'ra. Gr. n. limnos pool of standing water, lake; L. fem. n. sphaera sphere; N.L. fem. n. Limnosphaera, a spherical cell living in lake; a.qua'ti.ca. L. fem. adj. aquatica, living, growing, or found in or by water, aquatic.
